The Epstein-Barr virus (EBV) capsid contains a major capsid protein, VCA; two minor capsid proteins, BDLF1 and BORF1; and a small capsid protein, BFRF3. During the lytic cycle, these capsid proteins are synthesized and imported into the host nucleus for capsid assembly. This study finds that EBV capsid proteins colocalize with promyelocytic leukemia (PML) nuclear bodies (NBs) in P3HR1 cells during the viral lytic cycle, appearing as nuclear speckles under a confocal laser scanning microscope. In a glutathione S-transferase pulldown study, we show that BORF1 interacts with PML-NBs in vitro. BORF1 also colocalizes with PML-NBs in EBV-negative Akata cells after transfection and is responsible for bringing VCA and the VCA-BFRF3 complex from the cytoplasm to PML-NBs in the nucleus. Furthermore, BDLF1 is dispersed throughout the cell when expressed alone but colocalizes with PML-NBs when BORF1 is also present in the cell. In addition, this study finds that knockdown of PML expression by short hairpin RNA does not influence the intracellular levels of capsid proteins but reduces the number of viral particles produced by P3HR1 cells. Together, these results demonstrate that BORF1 plays a critical role in bringing capsid proteins to PMLNBs, which may likely be the assembly sites of EBV capsids. The mechanisms elucidated in this study are critical to understanding the process of EBV capsid assembly.
T
he Epstein-Barr virus (EBV) capsid is icosahedral in structure, with a triangulation number of 16 (1) (2) (3) (4) . Capsomers primarily consist of the major capsid protein, VCA, and are held together via 320 triplexes formed by two minor capsid proteins, BDLF1 and BORF1 (2, 5, 6) . In addition, a small capsid protein, BFRF3, sits atop the hexameric capsomers (7) (8) (9) . Since EBV assembles its capsids in the host nucleus (10, 11) , these capsid components are transported into the nucleus after synthesis. In herpes simplex virus 1 (HSV-1), a member of the same Herpesviridae family as EBV, the VP5 major capsid protein does not enter the nucleus alone; its nuclear translocation depends on its interaction with VP19C and the pre-VP22a scaffold protein (12, 13) , homologs of EBV BORF1 and BVRF2, respectively. VP19C is also responsible for the nuclear translocation of VP23, a homolog of BDLF1 (13) . Once these capsid proteins are transported into the nucleus, capsids begin to form, but the exact nuclear assembly sites remain unknown as yet (14, 15) .
The human promyelocytic leukemia (PML) protein is a constituent of PML nuclear bodies (NBs), otherwise known as nuclear domain 10 (ND10) or PML oncogenic domains (PODs) (16) (17) (18) (19) . PML-NBs are present in the interchromosomal space in the nucleus, and each contains up to 160 proteins, including Sp100, p53, CBP/p300, Daxx, BLM, HDAC7, small ubiquitin-related modifier (SUMO), and Rb (19) (20) (21) (22) (23) . PML-NBs have a wide range of functions and are known to be involved in transcription, DNA synthesis, DNA repair, cell cycle control, apoptosis, telomere lengthening, and degradation of misfolded proteins (18, 20, (24) (25) (26) . Moreover, PML-NBs are known to influence the lytic cycle of herpesviruses. For example, the immediate early genes of herpesviruses, including ICP0 of HSV-1, IE1 of human cytomegalovirus (HCMV), and Zta of EBV, have been found to disperse PML-NBs (26) (27) (28) (29) (30) (31) (32) (33) . Furthermore, the dispersion of PML-NBs by arsenic treatment was shown to activate the expression of EBV lytic proteins (34) , suggesting that PML-NB dispersion promotes the EBV lytic cycle. It is known that PML-NBs are dispersed after EBV lytic induction, as evidenced by the transfection of plasmids overex-pressing Zta into cells latently infected with EBV (30) ; the dispersion requires expression of a substantial amount of Zta (35) (36) (37) . The dispersion of PML-NBs by viral regulatory proteins may depend on posttranslational modification of the PML protein, such as by sumoylation and ubiquitination (38) (39) (40) . Furthermore, the expression of EBV latent membrane protein 1 (LMP1) promotes the expression of PML and increases the immunofluorescence intensity of PML-NBs (41) . The increase may be due to LMP1 CTAR3 enhancement of sumoylation to increase PML-NB stability (42) . Recently, PML-NBs in infected cell nuclei were reported to sequester varicella-zoster virus (VZV) nucleocapsids and significantly inhibit virion development by preventing viral particle formation and nuclear egress (43) , suggesting that PML-NBs may play a critical role in cellular antiviral defense (44, 45) .
Other studies have shown that the viral genomes of herpesviruses, adenoviruses, simian virus 40, papillomaviruses, and polyomaviruses are recruited to PML-NBs, and this recruitment is known to be important for viral genome replication (35, (46) (47) (48) (49) . Although the EBV genome in latently infected cells does not appear to associate with PML-NBs, association during the lytic phase is required for viral DNA replication (35, 50) , indicating that PML-NBs are important to EBV lytic development. This study further demonstrates that PML-NBs are essential for EBV capsid assembly.
MATERIALS AND METHODS
Cell lines and EBV lytic activation. P3HR1, Akata, and EBV-negative Akata cells were cultured in RPMI 1640 medium. 293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM). These media were supplemented with 10% fetal calf serum. P3HR1 and Akata cells were treated with 3 ng/ml of 12-O-tetradecanoylphorbol-13-acetate (TPA) and 3 mM sodium butyrate to activate the EBV lytic cycle.
Plasmids. Plasmids pcDNA-VCA, pcDNA-BORF1, pcDNA-BDLF1, pGEX-VCA, pGEX-BORF1, and pGEX-BDLF1, which express, respectively, hemagglutinin (HA)-tagged VCA (HA-VCA), HA-BORF1, HA-BDLF1, glutathione S-transferase (GST)-tagged VCA (GST-VCA), GST-BORF1, and GST-BDLF1, have been described elsewhere (5) . A DNA fragment containing the entire BORF1 sequence was amplified by PCR, using primers borf1-F (5=-CGCGGATCCGACGCCATGAAGGTCCAG) and borf1-R (5=-GGCCTCGAGCCTCCTCCTCCTGTTTCC). The fragment was cut by BglII and SalI and then inserted at the BglII and SalI sites of pEGFP-C1 (Clontech), pTag2B (Invitrogen), or pHcRed (Evrogen) to generate, respectively, pEGFP-BORF1, pTag-BORF1, and pHcRed-BORF1. The BOFR1 sequence containing a mutated nuclear localization signal (NLS) was amplified using primers borf1mut-F (5=-CGCGGATCC ATGAAGGTCCAGGGGTCCGTCGATCGCCGCCGTCTGCAAGCCG CAATCGCGGGGCTGCTG) and borf1-R. The fragment was cut by BglII and SalI before it was inserted at the BglII and SalI sites of pEGFP-C1 to generate pEGFP-mBORF1. A BDLF1 fragment was amplified by PCR, using primers bdlf1-F (5=-CCGGAATTCATGGATTTGAAAGTGGTA) and bdlf1-R (5=-CCGCTCGAGTTATCTTAACCAGCAAGT), digested with EcoRI and XhoI, and inserted at the EcoRI and SalI sites in pEGFP-C2 (Clontech). The BFRF3 fragment was amplified by PCR, using primers bfrf3-F (5=-TTGAATTCATGGCACGCCGGCTGCCCAAG) and bfrf3-R (5=-CCGCTCGAGCTACTGTTTCTTACGTGCCCCG), digested with EcoRI and XhoI, and inserted at the EcoRI and XbaI sites in pcDNA-HA, pcDNA 3.1, and pEGFP-C2 to express, respectively, HA-BFRF3, Myc-BFRF3, and green fluorescent protein (GFP)-tagged BFRF3 (GFP-BFRF3). Plasmid pEGFP-PML was kindly provided by Roeland W. Dirks (48) . The PML fragment was amplified by PCR, using primers pml-F (5=-CCGGAATTCCGATCTCCGAGGCCCCAGCAGGAC) and pml-R (5=-CCCCGCGGTACCGTCGACTGCAG), digested with EcoRI and SalI, and inserted at the EcoRI and XhoI sites in pGEX to generate pGEX-PML, which expresses GST-PML. The BVRF2 sequence was amplified using primers bvrf2-F (5=-CCGGAATTCATGGTGCAGGCACCATCT) and bvrf2-R (5=-ACGCGTCGACTCAAGCCACGCGTTTATT), digested with EcoRI and SalI, and inserted at the EcoRI and SalI sites of pEGFP-c2 to generate pEGFP-BVRF2, which expresses GFP-BVRF2. BVRF2(S116C) was generated by inverse PCR (49), using primers BV116-F (5=-GCCTGGCC TCCCTCCAC) and BV116-R (5=-GCCAGGCACAGTGAGGGGAGCC AG), which contain mutated sequences. A plasmid expressing ataxin-3-79Q-HA (pAtaxin3-79Q-HA) was obtained from Hung-Li Wang (51) . A plasmid expressing GFP-RNF4 was reported earlier (52) .
Antibodies. Monoclonal mouse anti-VCA antibody was purchased from Argene (Verniolle, France). Rabbit anti-VCA antibody was kindly provided by Yasushi Kawaguchi (53) . Anti-BDLF1, anti-BORF1, and anti-BFRF3 antibodies were produced in rabbits using GST-BDLF1, GST-BORF1, and GST-BFRF3 proteins, respectively. Anti-HA and anti-Myc antibodies were purchased from Sigma-Aldrich. Anti-His and anti-GST antibodies were purchased from Loh Tsui Kweh BioLaboratories (Taipei, Taiwan). Rabbit and monoclonal mouse anti-PML antibodies (PG-M3 and H-238, respectively), which recognize all PML isoforms, were purchased from Santa Cruz Biotechnology. Rabbit anti-GFP antibody was purchased from Abcam. Goat anti-BFRF3 antibody (PAI-73003) was purchased from Pierce Biotechnology.
Immunofluorescence analysis. P3HR1 cells and EBV-negative Akata cells were plated on a poly-L-lysine-coated coverslip, fixed, and immunostained with the appropriate antibody, according to a method described elsewhere (54) . Cells were also treated with secondary antibodies conjugated with Alexa Fluor 488, Alexa Fluor 594, or Alexa Fluor-Cy5 (Invitrogen). Nuclei were visualized via staining with 5 mg/ml 4=-6-diamidino-2-phenylindole (DAPI). After staining, the cells were observed under a confocal laser scanning microscope (LSM 510; Zeiss, Oberkochen, Germany).
GST pulldown assay. The GST pulldown assay was performed using a method described elsewhere (5) . GST fusion proteins were expressed in Escherichia coli BL21(DE3) and bound to glutathione-Sepharose 4B beads (GE Healthcare Bio-Sciences). Proteins pulled down by the beads were separated by SDS-PAGE and subjected to immunoblot analysis (55) .
ELISA. Goat anti-BFRF3 antibody (10 g/ml; Thermo Scientific) in 100 l was added to coat the surface of each well of a 96-well microtiter plate overnight. A blocking solution containing 3% bovine serum albumin in phosphate-buffered saline (PBS) was added to the wells, and the plate was incubated for 3 h at 25°C. Culture supernatant (100 l) containing EBV capsids was treated with 0.5% NP-40 for 30 min, added to each well, and then incubated at 37°C for 90 min. After washing with PBS, rabbit anti-BDLF1 antibody (1:100 dilution) and anti-rabbit horseradish peroxidase (HRP)-labeled secondary antibody were added to each well, and the plate was incubated for 2 h at room temperature. After washing with PBS, 3,3=,5,5=-tetramethylbenzidine (TMB) substrate was added to the wells to detect HRP. The A 450 s of the colors produced by the reaction were determined using an enzyme-linked immunosorbent assay (ELISA) reader (Sunrise, Tecan, Australia).
Enumerating nucleocapsids by PCR. The number of nucleocapsids was determined by a real-time PCR method described elsewhere using an iCycler iQ multicolor real-time PCR detection system (Bio-Rad) with primers and a probe that were specific to the BKRF1 gene (56) .
shRNA and lentiviral infection. Lentiviral vectors for PML-short hairpin RNA (shRNA) (accession number TRCN0000003865) and control shRNA (accession number TRCN0000072224) were obtained from the National RNAi Core Facility Platform, Academia Sinica, Taiwan. Lentiviral supernatant was prepared using a previously described method (57) . P3HR1 cells (3 ϫ 10 5 cells/ml) were mixed with viral supernatant containing 5 g/ml Polybrene and then centrifuged at 450 ϫ g for 90 min. After culturing of the cells in medium containing 0.5 g/ml puromycin for 5 days, the cells were treated with TPA and sodium butyrate to induce the EBV lytic cycle.
RESULTS

Localization of EBV capsid proteins after lytic induction.
An indirect immunofluorescence study was conducted to identify the locations of EBV capsid proteins following lytic induction. The immunofluorescence results revealed that after P3HR1 cells were treated with TPA and sodium butyrate for 3 days, VCA, BDLF1, BORF1, and BFRF3 were present in the nucleus as speckles under a confocal laser scanning microscope (Fig. 1A) . We also examined 100 cells that expressed these capsid proteins after lytic induction and found that all of them were present as speckles in the nucleus.
Transport of EBV capsid proteins into the nucleus. We transfected EBV-negative Akata cells with plasmids expressing HA-VCA, HA-BDLF1, GFP-BORF1, or GFP-BFRF3 to examine the cellular distribution of these proteins. We found that HA-VCA was present only in the cytoplasm following transfection (Fig.  1Be) , demonstrating that VCA cannot enter the nucleus without assistance from other EBV proteins. HA-BDLF1 and GFP-BFRF3 were found to diffuse throughout the cell ( Fig. 1Bf and h ), rather than aggregating as dots in the nucleus. Only GFP-BORF1 displayed a punctate pattern in the nucleus (Fig. 1Bg) , similar to that observed in P3HR1 cells after lytic induction (Fig. 1A) . We also cotransfected EBV-negative Akata cells with plasmids expressing GFP-BDLF1 and HA-VCA but found that these two proteins did not influence each other's distribution ( Fig. 2Aa to d) . However, HA-VCA colocalized with GFP-BORF1 in the nucleus as speckles, following cotransfection of the cells with pcDNA-VCA and pEGFP-BORF1 ( Fig. 2Ae to h ). Cotransfection of EBV-negative Akata cells with plasmids expressing GFP-BORF1 and HA-BDLF1 also resulted in the colocalization of GFP-BORF1 and HA-BDLF1 in the nucleus as speckles (Fig. 2Ai to l) , indicating that the proper localization of BDLF1 in the nucleus relies on BORF1. We also found that the sequence LQRRIA, located at amino acids 12 to 17, is a nuclear localization signal (NLS). After this sequence was mutated to LQAAIA in GFP-BORF1, the mutant protein, GFPmBORF1, was found to be present in the cytoplasm and did not enter the nucleus in EBV-negative Akata cells (Fig. 2Ba to c) . HA-VCA and HA-BDLF1 also colocalized with GFP-mBORF1 in the cytoplasm after cotransfection (Fig. 2Bd to g and h to k) , demonstrating that interaction with GFP-mBORF1 does not allow HA-VCA or HA-BDLF1 to enter the nucleus. These results confirm that entry of BDLF1 and VCA into the nucleus depends on their interaction with BORF1. Additionally, we cotransfected EBVnegative Akata cells with three plasmids expressing, respectively, red fluorescent protein (RFP)-tagged BORF1 (RFP-BORF1), GFP-BDLF1, and HA-VCA. Under a confocal laser scanning microscope, these three proteins colocalized and exhibited punctate structures in the nucleus (Fig. 2C) , suggesting that EBV capsid proteins are transported to the same locations in the nucleus.
Earlier studies showed that the nuclear translocation of the HSV-1 and HCMV major capsid proteins depends on interaction with their respective scaffold proteins (12) . Therefore, this study investigated whether the EBV scaffold proteins, BVRF2 and BdRF1, convey VCA into the nucleus. We cotransfected EBVnegative Akata cells with plasmids that express HA-VCA and Flag-BVRF2. Confocal laser scanning microscopy revealed that BVRF2 was present in the nucleus and VCA was present in the cytoplasm (Fig. 2Am to p) , showing that BVRF2 does not facilitate the nuclear entry of VCA. Cotransfection of the cells with plasmids that express HA-VCA and GFP-BdRF1 yielded similar results that showed that HA-VCA was present in the cytoplasm and GFPBdRF1 was present in the nucleus (Fig. 2Aq to t) . BVRF2 has a proteolytic domain that can cleave 38 amino acids from the C termini of BVRF2 and BdRF1 to yield mature scaffold proteins (58) . This study replaced the serine residue at amino acid position 116 with cysteine to derive BVRF2(S116C), removing BVRF2 protease activity in the process (58) . Immunoblotting revealed that BVRF2(S116C) had a size of 120 kDa, which was larger than that of cleaved BVRF2 (data not shown). Cotransfection of the cells with plasmids that expressed HA-VCA and GFP-BVRF2(S116C) revealed that GFP-BVRF2(S116C) did not affect the localization of HA-VCA (Fig. 2Au to x) .
Nuclear entry of BFRF3. BFRF3 nuclear entry mechanisms were also investigated. After cotransfecting EBV-negative Akata cells with plasmids expressing HA-VCA and Myc-BFRF3, confocal laser scanning microscopy revealed that both proteins were present in the cytoplasm, although some Myc-BFRF3 appeared to be in the nucleus (Fig. 3a to d ). Following cotransfection with plasmids expressing GFP-BORF1 and Myc-BFRF3, GFP-BORF1 was seen to form dots in the nucleus but did not change the distribution of Myc-BFRF3 in the cell (Fig. 3e to h) ; these two proteins did not appear to colocalize in the nucleus (Fig. 3h) . However, when cells were cotransfected with plasmids expressing HA-VCA, GFP-BORF1, and Myc-BFRF3, these three proteins co- localized in the nucleus to form a punctate pattern (Fig. 3Bi to m) , demonstrating that GFP-BORF1 causes Myc-BFRF3 to form dots only when HA-VCA is present and indicating that nuclear entry and the proper nuclear localization of the VCA-BFRF3 complex depend upon BORF1.
Colocalization of PML-NBs and EBV capsid proteins. Confocal laser scanning microscopy of P3HR1 cells that had been treated with TPA and sodium butyrate and then immunostained using rabbit anti-BORF1 antibody revealed that EBV capsids colocalized with PML-NBs in the nucleus (Fig. 4A) . We further transfected EBV-negative Akata cells with pEGFP-BORF1 and found that GFP-BORF1 colocalized with PML-NBs (Fig. 4Ba to  d) , indicating that BORF1 targets PML-NBs after entering the nucleus. We further cotransfected EBV-negative Akata cells with pEGFP-BORF1 and pcDNA-VCA and found that GFP-BORF1 and HA-VCA colocalized with PML-NBs (Fig. 4Be to i) . A similar experiment also showed that GFP-BORF1 and HA-BDLF1 colocalized with PML-NBs (Fig. 4Bj to n) . In addition, Myc-BFRF3 was found to colocalize with PML-NBs after the cells were cotransfected with plasmids expressing HA-VCA, Myc-BFRF3, and Flag-BORF1 (Fig. 4Bo to r) . We further examined how a mutation in BORF1 would affect the localization of VCA and BDLF1. We found that BORF1, VCA, and BDLF1 colocalized with PMLNBs in 293 cells carrying bacmid 2089 after lytic induction (Fig.  4Ca to o) . However, VCA and BDLF1 in a mutant EBV strain with a defective BORF1 (bacmid M68) (56) did not form punctate structures in the nucleus, nor did they colocalize with PML-NBs (Fig. 4Cp to y) . Additionally, we cotransfected 293T cells with pEGFP-PML and pHcRed-BORF1 and then treated the cells with 0.02% methyl methanesulfonate (MMS) at 24 h after transfection to disperse the PML-NBs (59) . In a live cell expressing GFP-PML and RFP-BORF1, these two proteins initially colocalized in the nucleus (Fig. 4D, 0 min ). When this cell was treated with MMS for 80 min, PML-NBs were considerably dispersed. At 140 min after treatment, only a few PML-NBs were evident in the nucleus (Fig.  4D) . The disappearance of RFP-BORF1 dots was found to coincide with the dispersion of PML-NBs following treatment (Fig.  4D) , further verifying the association between BORF1 and PMLNBs. This study also cotransfected P3HR1 cells with plasmids expressing GFP-BORF1 and RFP-BORF1. We found that across 98 cells, the GFP-BORF1 dots colocalized with the RFP-BORF1 dots (data not shown), indicating that the GFP tag in GFP-BORF1 did not affect BORF1 migration to PML-NBs. We subsequently treated P3HR1 cells with TPA and sodium butyrate to induce the EBV lytic cycle (Fig. 4A) , and among the 342 cells examined by confocal microscopy, 104 cells expressed BORF1. In these 104 cells, we found 243 BORF1 dots and 255 PML-NB dots; all the BORF1 dots colocalized with PML-NBs.
RNF4 and the stability of overexpressed BORF1. An earlier study showed that ataxin-1-82Q, a misfolded protein, is conjugated by small ubiquitin-like modifiers (SUMOs) in PML-NBs. After SUMO conjugation, the protein is ubiquitinated by RNF4 and then subjected to proteasome degradation (25) . Overexpressed proteins are often degraded in PML-NBs by this mechanism (25) as well, and this raises the possibility that overexpressed BORF1 is conveyed to PML-NBs for proteasomal degradation. We therefore cotransfected 293T cells with plasmids expressing GFP-BORF1 and RNF4, but immunoblot analysis revealed that RNF4 expression did not destabilize BORF1 (Fig. 5A) . As a control, we cotransfected the cells with plasmids expressing ataxin-3- 79Q-HA, a misfolded protein (51), and RNF4. We found that the expression of RNF4 decreased the amount of ataxin-3-79Q-HA in a dose-dependent manner (Fig. 5B) . These results suggest that overexpressed GFP-BORF1 is neither misfolded nor conveyed to PML-NBs for the purpose of degradation.
Interaction between PML and EBV capsid proteins. To elucidate how EBV capsid proteins interact with PML, we expressed GST, GST-BDLF1, GST-BFRF3, GST-BORF1, and GST-VCA in E. coli. These proteins were bound to glutathione-Sepharose beads (Fig. 6A, lanes 7 to 11) , which were then added to the lysates of 293T cells transfected with pEGFP-PML to study their interaction with GFP-PML. Immunoblot analysis revealed that GST-BORF1, but not the other GST fusion proteins or GST, pulled down GFP-PML (Fig. 6A, lanes 2 to 6) . The results also showed that the inability to pull down GFP-PML was not attributable to a lack of GST proteins bound to the beads (Fig. 6A, lanes 7 to 11) . A similar experiment was conducted using bacterially expressed GST-PML, and the results showed that GST-PML-glutathione-Sepharose beads did not pull down His-BORF1 from the E. coli BL21 (DE3)(pET32a-BORF1) lysate (Fig. 6B, lane 4) ; nonpulldown was not due to a lack of GST-PML on the beads (Fig. 6B, lane 8) . The lack of pulldown was also not attributable to the absence of His-BORF1, as GST-BDLF1 pulled down His-BORF1 from the same lysate (Fig. 6B, lane 3) . We also found that GST-PML-glutathioneSepharose beads pulled down His-BORF1 if a 293T cell lysate was added to the reaction mixture (Fig. 6B, lane 5) . These results suggest that BORF1 likely interacts with a protein other than PML at PML-NBs.
PML-NBs and EBV capsid assembly. We sought to understand how the reduction of PML expression by shRNA would affect EBV capsid assembly. EBV virions are commonly quantified using quantitative PCR (qPCR) methods (56) . However, these methods could not be utilized in this study, as EBV lytic DNA replication occurs at PML-NBs (35, 50) ; any changes in EBV lytic DNA replication due to a reduction in PML-NBs would affect the production of encapsidated viral particles, ultimately distorting the qPCR results. Accordingly, an ELISA method was developed to determine capsid assembly, on the basis of the principle that on each capsid, VCA interacts with both BFRF3 and BDLF1 (5, 8) but BFRF3 does not interact directly with BDLF1 (8) . The method involved the use of plates coated with anti-BFRF3 antibody to capture EBV capsids, followed by detection of these capsids with anti-BDLF1 antibody. Through this method, we found that EBV in induced P3HR1 cells produced significantly more capsids after lytic induction than EBV in untreated cells (Fig. 7A) . This method also found that latently infected P3HR1 cells transfected with plasmids expressing either BDLF1 or BFRF3 or cotransfected with plasmids expressing these two proteins produced relatively small quantities of capsids (Fig. 7A) . Although accurate estimation of viral capsid numbers produced by the cells was difficult to achieve, based on qPCR analysis results, we found that about 1.1 ϫ 10 8 encapsidated viral particles were produced by 1 ϫ 10 6 P3HR1 cells after lytic induction, while a similar number of latently infected cells produced only about 2 ϫ 10 4 particles. Therefore, the ELISA data in Fig. 7A likely correspond to EBV particle numbers. Our results revealed that P3HR1 cells expressing control shRNA had an optical density (OD) reading at 450 nm of 0.15, which increased to 1.0 in cells treated with TPA and sodium butyrate (Fig.  7B) , demonstrating that EBV capsids are produced after lytic induction. Expression of PML-shRNA in uninduced P3HR1 cells led to background ELISA levels (Fig. 7B) ; however, upon expression of PML-shRNA and induction of the lytic cycle, the OD reading was only about 50% of that for control shRNA-expressing cells subjected to lytic induction (Fig. 7B) , indicating that the reduction in the level of PML expression negatively impacts capsid assembly. We also determined the number of nucleocapsids produced from 1 ϫ 10 5 P3HR1 cells in 30 ml of culture medium by qPCR. We found that after transfecting control shRNA for 5 days, the cells produced about 8 ϫ 10 6 nucleocapsids. Meanwhile, transfection of the cells with PML-specific shRNA reduced the number to 1.8 ϫ 10 6 (Fig. 7C) , showing that a reduction in the level of PML expression also reduces the number of nucleocapsids. An immu- noblot study showed that after infecting P3HR1 cells with a lentivirus that expresses PML-specific shRNA, followed by treatment with TPA and sodium butyrate, PML expression levels were reduced, but the levels of Rta, VCA, BDLF1, BORF1, and ␣-tubulin (Fig. 7D) were not affected, thus demonstrating that the decrease in capsid production could not be attributed to the reduced expression of capsid proteins.
DISCUSSION
Capsid assembly is an important event for EBV since during capsid assembly all capsid proteins must be transported to the sites of assembly in the nucleus (10, 11) . In this study, we show that BORF1, which contains an NLS and is capable of entering the nucleus by itself (Fig. 1Bg and 2Bb) , is required for transporting VCA into the nucleus (Fig. 2Ah) . This is similar to the nuclear entry process of the HSV-1 major capsid protein, VP5; its transport depends on the interaction with the homolog of EBV BORF1, VP19C (13) . Interestingly, nuclear transport of the HSV-1 and HCMV major capsid proteins depends on interaction with their respective scaffold proteins (12, 60) ; however, the EBV scaffold protein BVRF2 does not seem to be involved in the nuclear transport of VCA (Fig. 2Am to p) . The expression of BVRF2(S116C), which lacks the autocleavage activity of BVRF2 (data not shown) (52), or BdRF1 also does not affect the localization of VCA in the cell (Fig. 2Aq to x) , demonstrating that, unlike pre-VP22a of HSV-1, EBV scaffold proteins are not responsible for the nuclear translocation of VCA. We also found that BFRF3 forms dots in the nucleus only when BORF1 and VCA are both present (Fig. 3) , suggesting that BORF1 conveys the VCA-BFRF3 complex to the host nucleus. As for BDLF1, a small protein of 33.6 kDa, it is probably able to enter the nucleus alone due to its small size, which explains its presence in both the cytoplasm and the nucleus (Fig.  1Bf ), yet BDLF1 forms dots in the nucleus only when BORF1 is present ( Fig. 2A) , suggesting that BDLF1 is not properly localized in the absence of BORF1. Moreover, after cotransfecting EBVnegative Akata cells with plasmids that express GFP-BDLF1, RFP-BORF1, and HA-VCA, these three proteins colocalized in the nucleus (Fig. 2Ca to e) , indicating that EBV capsid proteins are transported to the same nuclear locations. Additionally, we cotransfected EBV-negative Akata cells with plasmids that express GFP-BORF1 and RFP-BORF1 and found that they colocalized in the nucleus as dots (data not shown), indicating that the GFP tag in GFP-BORF1 does not affect the function of BORF1.
The capsid of the human polyomavirus JC virus (JCV) is assembled at PML-NBs (48) . In addition, the major and minor capsid proteins of human papillomavirus are assembled into viruslike particles at PML-NBs, with the L2 capsid protein previously being shown to be essential for virion assembly, as it recruits other capsid proteins to PML-NBs (61). L2-dependent colocalization probably serves as a mechanism to promote the assembly of papillomaviruses, either by increasing the local concentration of virion constituents or by providing the physical architecture necessary for efficient packaging and assembly. This study reveals a similar mechanism for EBV, with the minor capsid protein BORF1 being responsible for mediating the nuclear entry of capsid proteins BDLF1 and VCA to PML-NBs for EBV capsid assembly.
Under a confocal laser scanning microscope, we observed that EBV capsids in P3HR1 cells colocalize with PML-NBs (Fig. 4A) , implying that PML-NBs are important to EBV capsid assembly. Our experiments in EBV-negative Akata cells further reveal that BORF1 is required to convey BDLF1, BFRF3, and VCA to PMLNBs ( Fig. 4B and C) . We also examined the localization of VCA and BDLF1 in 293 cells carrying bacmid 2089 and found that they form dots in the nucleus. However, in 293 cells carrying bacmid M68 in which the EBV strain possesses a mutant BORF1, VCA is present in the cytoplasm (Fig. 4Cp to t) and BDLF1 is distributed throughout the cell (Fig. 4Cu to y) , indicating that BORF1 is re- sponsible for conveying VCA and BDLF1 into the nucleus. A recent study showed that in Kaposi's sarcoma-associated herpesvirus, the expression of the homologs of EBV BFRF3 and BdRF1 is required for the nuclear transport of its major capsid protein (62) . However, this appears to not be the case in EBV, as the VCA expressed by 293 cells carrying bacmid M68 is present in the cytoplasm rather than in the nucleus (Fig. 4C) . A GST pulldown study also confirmed that BORF1, but not BDLF1 or VCA, interacts with PML-NBs (Fig. 6) , demonstrating that BORF1 not only is responsible for nuclear entry but also transports BDLF1 and the VCA-BFRF3 complex to PML-NBs. Since EBV-negative Akata cells lack the EBV genome and do not contain all the proteins necessary for capsid assembly, the presence of EBV capsid proteins at PML-NBs hints at a process of direct transport to this subnuclear structure for capsid assembly. We found that the expression of PML-specific shRNA substantially reduces the numbers of capsids produced by EBV (Fig. 7) . Electron microscopy results also showed that EBV capsids are present in nuclear areas stained 6) . Proteins on the beads were analyzed using anti-GST antibody (lanes 7 to 11). (B) The E. coli BL21(DE3)(pET32a-BORF1) lysate was mixed with glutathioneSepharose beads labeled with GST (lane 2), GST-BDLF1 (lane 3), or GST-PML (lane 4). The lysate from 293T cells was also added to the reaction mixture for reactions involving GST-PML-glutathione-Sepharose beads (lane 5). Proteins on the beads were analyzed by immunoblotting, using rabbit anti-His antibody (lanes 2 to 5) and rabbit anti-GST antibody (lanes 6 to 9). Input lanes were loaded with 1% of the bacterial lysate. transfected with pCMV-BDLF1 or pCMV-BFRF3 or cotransfected with these two plasmids to express BDLF1 and BFRF3. (B) Cells were infected with lentivirus expressing control shRNA (Ctrl-sh) or PML-specific shRNA (PML-sh) for 5 days and then treated with TPA and sodium butyrate or left untreated. Three days after lytic induction, the quantity of capsids produced by the cells was analyzed via ELISA. EBV capsids were captured by anti-BFRF3 antibody and detected using rabbit anti-BDLF1 antibody and goat HRP-conjugated anti-rabbit immunoglobulin antibodies. (C) P3HR1 cells (1 ϫ 10 5 ) were transfected with control shRNA and PML-specific shRNA. Cells were treated with TPA and sodium butyrate and cultured in 30 ml medium for 5 days. EBV particles were collected from the culture medium by centrifugation. The EBV genome in the viral particles was measured by real-time qPCR. (D) The PML, Rta, VCA, BORF1, BDLF1, and ␣-tubulin expressed by the cells were analyzed via immunoblotting 3 days after lytic induction.
by anti-PML antibody (data not shown), suggesting that PMLNBs are crucial to capsid assembly. Although it is known that misfolded proteins are transported to PML-NBs for degradation by proteasomes after ubiquitination by the ubiquitin E3 ligase RNF4 (25), we found that after cotransfecting plasmids that express RNF4 and BORF1, the stability of BORF1 remained unchanged (Fig. 5) , demonstrating that the BORF1 localized at PML-NBs is likely not misfolded.
Capsid assembly is an important process in EBV lytic development. This study elucidated the mechanisms by which EBV capsid proteins are transported into the nucleus and revealed the involvement of PML-NBs in capsid assembly. It is known that PML-NBs act as cellular restriction factors that prevent the release of VZV (43) . However, in the case of EBV, PML-NBs are important to viral lytic DNA replication (20, 50) . Although the expression of Zta causes PML-NB dispersion, Adamson and Kenney (30) showed that PML-NBs are only partially dispersed and some structures remain visible under a fluorescence microscope. This partial dispersion has also been documented in other studies (35, 50) , and it was recently found that the comprehensive dispersion of PML-NBs in cells occurs only at extremely high levels of Zta expression (36, 37) . This study showed that BORF1 colocalizes with PML-NBs in P3HR1 cells after lytic induction (Fig. 4A) , suggesting that some PML-NBs remain intact and support capsid assembly at this stage. To the best of our knowledge, this is the first study to show that herpesviruses assemble their capsids at PMLNBs. These results advance the current understanding of EBV capsid protein assembly and may have a bearing on the development of novel antiviral therapies in the future.
